CHRONIC SODIUM retention is a consistent finding in patients with heart failure. At present, the precise mechanisms responsible for the failure of the kidney to excrete the daily sodium intake are not well understood. Reduction in glornerular filtration rate and increased mineralocorticoid activity, common findings in heart failure with sodium retention, produce only transient sodium retention in normal subjects (6, 14) .
From studies of dogs with experimental heart failure due to an aorta-to-vena cava (A-V) fistula, Johnston et al.
(1 I) have suggested that enhanced reabsorption of sodium by the proximal tubule could be an important factor causing chronic sodium retention. This conclusion was based on sodium and potassium balance studies in which desoxycorticosterone acetate (DOCA) was administered to normal dogs and dogs with an A-V fistula. Unlike the normal dogs which ('escape" from the sodium-retaining action of DOCA, the A-V fistula dogs had continued sodium retention. Furthermore, increased urinary potassium excretion and the development of hypokalemia which occurred in normal dogs did not occur in the A-V fistula dogs. They suggested that enhanced proximal sodium reabsorption causing decreased delivery of sodium to the distal sodium and potassium exchange site could account for the lack of both hypokalemia and increased urinary potassium excretion in the A-V dogs. Similarly, Cirksena, Dirks, and l3erliner (3) found that acute constriction of the thoracic inferior vena cava, known to produce sodium retention chronically, prevented the decrease in sodium reabsorption by the proximal tubule which normally follows saline loading.
Barger (2) has proposed that a redistribution of filtration may be an important factor causing chronic sodium retention in dogs with congestive heart failure.
Using the disappearance of 85Kr from the kidney to assess the intrarenal distribution of blood Aow, a marked and disproportionate decrease in outer cortical blood flow was reported for dogs with chronic sodium retention. He suggested that the shift of blood flow from the superficial nephrons, '<salt losers," to the inner nephrons, "salt retainers," may be an important mechanism in regulating sodium excretion, In order to determine if the inability of A-V fistula dogs to excrete sodium was due to enhanced reabsorption by the proximal tubule or to a redistribution of filtrate away from the superficial nephrons, sodium reabsorption by the proximal tubule and superficial nephron filtration rate were measured in dogs with an aorta-to-vena cava fistula and chronic sodium retention.
In addition, the effect of acute saline loading on proximal sodium reabsorption and sodium excretion was determined in these same dogs.
METHODS
Two groups of female mongrel dogs were studied. Under sterile surgical conditions six dogs in group I had a 1% to I3-mm aorta-to-vena cava fistula placed between the abdominal aorta and vena cava approximately 1 inch below the origin of the renal arteries (7). The seven dogs in group II served as unoperated controls. All the animals were placed in metabolic balance cages for the measurement of urinary sodium excretion, The dogs were fed a standard meat diet containing approximately 63 mEq of sodium per day and water was allowed ad libitum.
Administration of 15 mg of DOCA per day for 6 days was started 4 days after the surgery in group I or 2 days after being placed in the balance cages in group II. On the 6th day of DOCA treatment the animals were anesthetized with pentobarbital and a trache-otomy was performed. Cannulas were placed in the jugular An infusion was given to establish and maintain a plasma inulin concentration of 1 mg/ml and a plasma para-aminohippurate (PAH) concentration of 0.02 mg/ml. The sustaining infusion was given at I ml/min in isotonic saline.
,
The protocol for the experiment is given in Table 1 in the form of a representative experiment. Micropuncture measurements and clearance determination of glomerular filtration rate, renal plasma flow, and sodium excretion were made during continued hydropenia. Following completion of the three successive clearance periods of 15 min each, the animals were given an infusion of isotonic saline 1 ml/min per kg for 20 min after which the infusion rate was reduced to 0.5 ml/min per kg for the remainder of the experiment. Sixty minutes after initiating the saline infusion, the micropuncture and clearance determinations were repeated. All the data for each variable were averaged for both the control and saline infusion periods for each dog. Sodium excretion, glomerular filtration rate, and renal plasma flow are given for the micropunctured kidney only. The difference between values for the A-V fistula dogs and control dogs were statistically analyzed by using the average values for each dog and tests for unpaired data. Sodium retention was calculated as the difference between recorded dietary intake and renal excretion of sodium. This method does not take into account losses of sodium by extrarenal routes, but in the presence of DOCA these losses were considered to be negligible and a factor common to both groups of dogs.
Blood samples were collected at the midpoint of the 15-min urine collection periods. Inulin in plasma and urine was measured by the anthrone method (9). The PAH concentration in plasma and urine was measured by the method of Smith et al. ( 18) returned to sodium balance by the 6th day (Fig. 1) . During DOCA treatment the A-V fistula dogs retained 158 mEq more sodium than the control dogs (P < .OOl). This sodium retention was clinically evident by marked pitting edema in the hindquarters.
A summary of the clearance data is presented in Table 2 . Control dogs excreted significantly more sodium and a significantly greater percent of the filtered sodium load both before and after the saline infusion than did the A-V fistula dogs. After saline infusion, the increase in sodium excretion of 211 =t SE 28 pEq/min (P < .OOl) in control dogs was greater than the increase in sodium excretion of 53 & 9 pEq/min (P < .OOl) in the A-V dogs (P < .O 1). Similarly, ing. The hematocrit was decreased significantly by the saline infusion in both groups of dogs. The hematocrit was lower (a -c . 01) in the A-V dogs compared to the control dogs before and after the saline infusion. No difference in plasma sodium concen .tration was found between the two grQUp% and plasma sodium was not changed in either group by the saline infusion. Plasma potassium concentration was lower during hydropenia in control dogs (2.7 =t: 1 mEq/liter) compared to that of A-V fistula dogs (3.1 III 1 mEq/hter ( P < *OS). A summary of the micropuncture data is shown in Table  3 . During hydropenia the SNFR of 80 =I= 6 ml/min X 1Um6 for control dogs was greater (P < .05) than the SNFR of 57 & 8 ml/min X lo-" in the A-V dogs. However, the ratio of superficial nephron filtration rate to total kidney glomerular filtration rate of 2.6 & .3 X lO+ in the A-V fistula dogs was greater than the ratio 1.9 & . I X 10m6 in control dogs (P < .05)+ After saline infusion SNFR increased 32 & 12 ml/min X 1 Om6 (P < .05) and 25 & 11 ml/min X lo+ (P < .05) in A-V fistula dogs and control dogs, respectively. No significant difference between SNFR for the two groups was found after saline infusion. The ratio of SNFR to GFR was not significantly changed by the saline infusion in either group.
In the control dogs fractional reabsorption by the proximal tubule was not significantly different from values found in normal hydropenic dogs ( 16). This finding is consistent with our previous observation that the retention of X24 & 19 mEq of sodium produced by chronic DOCA administration was not associated with measurable changes in fractional sodium reabsorption by the proximal tubule ( 12). After saline infusion, the fraction of filtrate reabsorbed up to the point of micropuncture in the terminal portions of the accessible proximal tubule decreased from 41 & 3 % to 21. zt 6% (P < .Ol) in A-V fistula dogs and from 45 & 4 % to 27 h 8% (P < -01) in control dogs. Fractional reabsorption was not significantly different between the groups of dogs either before or after the saline infusion.
Similarly, there was no significant difference between the change in proximal reabsorption following saline infusion in A-V dogs, 20 LIZ 5 %, when compared with the change in proximal reabsorption in control dogs, 18 zt 5 %. During hydropenia the volume flow at the point of micropuncture of 33 & 4 ml/min X lo+ in A-V dogs was significantly less, P < .05, than the volume of 46 =t 5 ml/min X 10-" in control dogs. Saline infusion resulted in a significant increase in volume Aow of 32 I+= 8 ml/min X 1OF6 (P < .Ol) and 35 & 11 ml/min X lo+ (P < .OS) in A-V dogs and control dogs, respectively.
The volume flow of 65 =t 10 ml/min X 10d6 in A-V dogs was not significantly different from the volume flow of 73 & 8 ml/min X lo+ in control dogs following infusion of saline solution. A second method was also used to estimate the rate of fluid delivery out of the proximal tubule and is based on the total kidney glomerular filtration rate and the fraction of sodium reabsorbed by the proximal tubule, Le., GFR/(TF/P)I,. The relationship between the rate of fluid delivery out of the proximal tubule (ml/min X 10W6) measured as the amount of fluid delivered per minute to the collection site, and the rate of urinary sodium excretion (pEq/min) is shown in Fig. 2 . Similar increases in the rate of fluid delivery from the proximal tubule (proximal delivery) occurred in control and A-V fistula dogs. However, the increased sodium excretion of 221 b 29 pEq/min in control dogs was significantly greater than the increased sodium excretion of 53 h 9 pEq/min in A-V dogs.
DISCUSSION
Dogs with arterial-to-venous fistula have been used as a model of high output heart failure in several studies (7, 11, 15) . The inability of the A-V fistula dogs in the present study to excrete their daily sodium intake, the formation of peripheral edema, and the lower glomerular filtration rate and renal plasma flow indicate that the fistula did produce most of the changes in renal function found in congestive heart failure. However, a high filtration fraction, a frequent finding in heart failure, was not found in the present model. Consequently, interpretation of these results is limited to considerations of heart failure in which filtration fraction is not increased.
Horster and Thurau (10) have suggested from studies of rats on high and low sodium intakes that disproportionate increases of superficial nephron filtration to total kidney glomerular filtration rate may be an important mechanism by which the kidney adjusts sodium excretion to dietary intake. Similarly, Barger (2) has suggested that a disproportionate reduction in blood nephrons was importa .nt i n prod AOW ucing to the outer cortical chronic sodium retention. The ratio of superficial nephron filtration rate to glomerular filtration rate in the seven DOCA-treated control dogs of 1.9 & .I X low6 was in agreement with previously reported values from this laboratory for IO DOCAtreated dogs of 2.2 & .3 X IO+. The finding that SNFR/ GFR in A-V fistula dogs was significantly greater than that of the control dogs indicates that a disproportionate decrease in filtration to the superficial nephrons is not necessary for chronic sodium retention to occur. Although the SNFR/ GFR in A-V fistula dogs was greater than that of the control dogs, the significance of this finding is questionable. When the SNFR/GFR of 2.6 & .3 X 10m6 for the A-V fistla dogs was compared to the SNFR/GFR of 2.2 & .3 X 10F6 for the 10 previously reported DOCA-treated dogs (12) or to the combined SNFR/GFR of 2.1 j= 2 X lo-" for the two groups of DOCA-treated dogs, no statistical difference was found. Although SNFR increased in both control dogs and A-V fistula dogs after saline loading, SNFR/GFR was not consistently increased in either group. Increased mineralocorticoid activity has been shown to be necessary for chronic sodium retention (5). However, normal dogs return to sodium balance after a few days of rnincralocorticoid treatment, indicating that some other factor is also essential for sustained sodium retention (4). During hydropenia the lower rate of fluid delivery out of the
